Abstract Currently, no consensus exists on the best method for tumor quantification in prostate cancer (PCA), and its prognostic value remains controversial. We evaluated how a newly defined maximum tumor diameter (MTD) might contribute to the prediction of biochemical recurrence (BCR) in a consecutive series of PCA patients treated with radical prostatectomy (RP). Patients with PCA who underwent RP without neoadjuvant therapy at a single center were included for analysis. MTD was defined as the largest diameter of all identified tumors in all three dimensions (i.e., length, width, or depth) of the prostate ("Basel technique"). Cox regression models addressed the association of MTD with BCR in three risk groups (low risk-prostate-specific antigen (PSA)< 10 ng/ml, pT2, and Gleason score (GS)≤6; intermediate risk-PSA≥10 and <20 ng/ml and/or pT2 and GS=7; high risk-PSA>20 ng/ml or pT3 or GS≥8) and whole cohort. Within a median follow-up of 44 months (interquartile range (IQR) 23-66), 48 patients (9.4 %) in the intermediate-risk and high-risk groups experienced BCR. In multivariate Cox regression analysis, PSA, pathological stage (pT stage), GS, positive surgical margins (PSMs), and MTD>19.5 mm were independent predictors for BCR (p<0.05). In subgroup analysis, MTD as a nominal variable (<24.5 and >24.5 mm) was the only independent predictor of BCR in the intermediaterisk group (hazard ratio (HR) 9.933, 95 % confidence interval (CI) 2.070-47.665; p<0.05). MTD is an independent risk factor of BCR in PC patients after RP. The combination of the MTD with other well-known prognostic factors after RP may improve decision-making concerning follow-up intensity or adjuvant treatment.
Introduction
The value of tumor quantitation for prostate cancer (PCA) remains controversial. Despite a current lack of consensus on the appropriate method for tumor volume (TV)/size assessment, reporting of this variable has been suggested by the International Society of Urological Pathology (ISUP) [1] . The association of TV/size with prostate-specific antigen (PSA), Gleason score (GS), pathological stage (pT stage), positive surgical margins (PSMs), and clinical outcomes was shown in several previous studies [2] [3] [4] [5] [6] . However, the prognostic value of TV, independent of well-characterized standard clinicopathologic features, on biochemical recurrence (BCR) is weak [7] . Taking into account that higher GS, advanced pT stage with or without PSMs, and positive lymph node status (LN+) are powerful predictors of BCR, some studies provide evidence of the independent prognostic value of tumor quantitation on BCR [3] [4] [5] [6] [8] [9] [10] . The correct prediction of the probability of BCR is crucial to identify proper timing for adjuvant treatment [11] . This is even more important in patients with intermediate risk constellation where oncologic benefits and adverse events of adjuvant treatment need to be balanced [12] .
There is no general consensus on how to best quantify tumor in radical prostatectomy specimens, as shown in a survey across 321 pathology laboratories from 15 west European countries [13] . Several methods for tumor quantification such as TV, maximum tumor diameter (MTD) of the index tumor, positive-block ratio estimation, visual estimation, and others have been described showing association with BCR or not [1] . The commonly used methods are visual estimation of TV or MTD of the index tumor. Although estimation of the MTD is less time consuming and inexpensive, there is no consensus on how the index tumor should be designated [1] . In a previous, unpublished study, we developed a new method of assessment of tumor diameter by adding the MTD of all tumor areas along one line after deduction of the diameter of tumor tissue overlapping along this line. Review of over 240 radical prostatectomy showed that modified MTD but not the diameter of the index tumor was a strong independent prognostic marker. Therefore, this method was introduced in our daily practice. Here, we tested the predictive value of this newly defined MTD on biochemical recurrence (BCR) in patients treated with radical prostatectomy (RP). Moreover, we assessed how this variable might optimally contribute to BCR prediction together with other pathological features.
Patients and methods
This study was approved by the institutional ethics review board. All patients (n=661) who were treated with either transperitoneal or extraperitoneal laparoscopic RP for PCA between April 2001 and December 2011 at the Department of Urology, University Hospital Basel, Switzerland, were included for analysis. Patients with incomplete clinical data, lost to follow-up (n=119), or who received neoadjuvant treatment (n=7) were excluded. Patients with LN+ (n=24), those who did not reach undetectable PSA level after surgery, or patients who received immediate androgen deprivation treatment after RP were excluded as well. The final study population consisted of 511 patients. PCA was diagnosed by transrectal ultrasound-guided biopsies.
All specimens were processed at the Institute for Pathology, University Hospital Basel, Switzerland. Apical and dorsolateral margins were examined by frozen section analysis according to current guidelines of the International Society of Urological Pathology (ISUP) [14] . Briefly, we used the cone method for cutting the apex and the base and then performed sagittal slicing of the cones. After overnight fixation in 10 % buffered formalin solution, what remained of the prostate gland was sectioned at 3-4-mm intervals along a transverse plane from apex to the base. The external surface had been previously inked. Whole mount tissue slices were embedded and further processed according to routine procedures. Formalin-fixed and paraffin-embedded (FFPE) whole mount sections were stained with hematoxylin and eosin (H&E) and prospectively evaluated by two pathologists independently. The principles of how the greatest diameter was measured are illustrated in Fig. 1 . The maximum diameter was calculated as the sum of the largest diameter of all tumor areas along one line, after deducing the length of overlap of tumor areas along this line. By this method, the maximum tumor diameter never exceeds the size of the whole prostate. If tumors were present in consecutive sections at the same location and orientation, the measurement was performed in the same manner as described above. The largest measure estimated in three dimensions (length, width, and depth) was considered as the MTD. All distances were measured on FFPE sections with a ruler marked with millimeters (Fig. 1) .
The predictive value of the MTD for BCR was tested for the whole cohort and for risk groups based on clinicopathological features such as preoperative PSA, pT, and final GS. Low-risk (PSA<10 ng/ml, pT2 and GS≤6), intermediate-risk (PSA≥10 and <20 ng/ml and/or pT2 and GS 7), and high-risk (PSA>20 ng/ml or pT3 or GS≥8) groups were composed. BCR was defined as a serum PSA concentration of >0.2 ng/ml in two independent measurements. The date of the first measurement was defined as the date of BCR. Follow-up for patients who received adjuvant treatment at the time of PSA≤0.2 ng/ml ended with the day the treatment started.
The cutoff value for MTD that best discriminated low and high risk for BCR was designated by computing the receiver operating curves (ROC) and calculating the Youden index. Due to different clinicopathological features and different MTD values in each group, this was done for the whole cohort and the intermediate-risk and high-risk groups.
The comparison of categorical data and continuous variables was performed using chi-square tests and MannWhitney U tests, respectively. Cox regression multivariate models were used to identify factors predictive for BCR. Biochemical recurrence-free survival (BFS) was analyzed by the Kaplan-Meier method, and survival of different groups was compared using log-rank tests. All statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS, version 21.0; Chicago, IL, USA) for Windows. A two-sided p value <0.05 was considered significant.
Results

Clinicopathologic features
At the time of operation, patients were on the average 63 years old (interquartile range (IQR) 59-68) and median PSA was 6.68 ng/ml (IQR 4.9-10.3). The most common clinical stage and Gleason score were T1 (62.4 %) and ≤6 (54.7 %), respectively. Only 37/511 patients (7.3 %) had biopsy GS ≥8 and 3/511 (0.4 %) patients had clinical stage T3. Palpable disease or biopsy GS 7 was present in 190/511 (37.2 %) and 194/511 (38 %) cases, respectively. According to final pathological assessment, 79.6 % of the patients (n=407) had organ confined disease. In 67/511 cases (13.1 %), extracapsular extension (ECE) was diagnosed and 37/511 patients (7.2 %) had seminal vesicle infiltration (SVI). Final GS ≤6, 7, and ≥8 was found in 173/511 (33.8 %), 278/511 (54.3 %), and 60/511 (11.9 %) specimens, respectively. PSMs were found in 122/511 patients (23.9 %). The median MTD was 20 mm (IQR 12-26 mm) ( 
Discussion
In this consecutive series of PCA patients treated with RP, we found that MTD using a novel method of assessment contributes to the prediction of BCR. For the whole cohort, MTD> 19.5 mm was significantly predictive, and for patients with intermediate risk constellation, MTD>24.5 mm was the only independent predictor of BFS.
The most common approach for MTD estimation is to measure only the largest (index) tumor [8] , as it might have a major impact on BCR [15] . However, the data on measures of tumor extent in RP remain controversial, as summarized in Table 3 . Recent studies highlighted the frequent PCA multifocality with the dominant tumor not always representing all poorly differentiated elements [16] . Thus, there is no consensus about the final definition of the index or dominant tumor and, as a consequence, the correct estimation of the MTD [1] . Our method includes measurement of extension of all identified tumors in three dimensions. Initial evaluation of the prognostic ability of MTD in terms of BCR in a series of 464 men showed that tumors <1 cm have longer BFS (two consecutive detectable PSA values) than tumors >2 cm [4] . Multivariate analyses revealed that MTD, PSA, ECE, or LN+ are independent predictors of BCR. This was confirmed by a study in which the authors found MTD (HR 1.7, p=0.011) and GS to be independent determinants for BCR (PSA>0.2 ng/ml), although LN+ and PSA were not included in the multivariate analysis [9] . The most recent study included 364 patients treated with RP and showed a strong independent prognostic value of MTD>20 mm for BCR (HR 3.07, p<0.001) [3] . PSA was omitted in the analysis. In all referred studies, MTD was defined as a largest diameter of the largest tumor.
In contrast, in the most recent series consisting of 781 patients, MTD was not significantly associated with BCR when adjusted for PSM [17] . In contrast, PCA with a MTD >13 mm (median MTD value) in patients with a preoperative PSA <10 ng/ml, pT stage ≤pT3a, and GS 3+4=7 and without PSM was associated with poor BFS. Dvorak et al. concluded that a larger MTD in these cases might serve as trigger for adjuvant treatment [17] . Our results confirm this notion, even though the risk stratification and cutoff value for MTD were different. Another European study investigated the prognostic value of MTD for BCR (PSA>0.1 ng/ml) in 542 PCA patients treated with RP [18] . Patients were stratified in three risk groups according to the D'Amico criteria [19] . Univariate analysis of MTD (continuous variable) revealed a weak association with risk of BCR (HR 1.02) which could not be detected in the high-risk group. PSM, GS, pT stage, and multiple tumors were independent prognostic factors in multivariate analysis. Interestingly, tumor quantity parameters (MTD and TV) did not provide any additional information regardless of risk stratification. For high-risk PCA, MTD did not provide any further information on BCR prediction, as we found in our study. Although in our study median value in the whole cohort was smaller (19.5 mm vs. 24 mm), MTD was an independent predictor of the BCR. Another yet less commonly used parameter for tumor quantitation is TV [13] . The initial evaluation of the predictive ability of TV on BCR was discouraging. Epstein at al. found that only GS and PSM are independent predictors for cancer progression (increase in postoperative PSA, local recurrence, and/or presence of distant metastases) in patients with organconfined disease after RP [20] . Ohori et al. included in the analysis 478 patients with clinically localized PCA treated with RP and found ECE and SVI among with GS to be independent prognostic factors for cancer progression [21] . TV did not have any prognostic value in either study. While Salomon et al. had similar results in their study, progression was defined as BCR (PSA>0.2 ng/ml) [22] . In our analysis LN+ patients were omitted for the multivariate analysis, as its strong prognostic value on progression and cancer-specific survival is well established [23] . Also in a recent study on 344 patients from ERSPC (Rotterdam section) with a long follow-up (mean 96.2 months), the prognostic value of TV was assessed. Age at RP, GS 4+3=7, and PSMs were predictive for BCR but none of the reported TV-related variables (TV, relative TV, and TV>0.5 ml) [24] .
Another study provided confusing results by analyzing predictive determinants for PSA failure (≥0.07 ng/ml) in 379 cases after RP [25] . TV was a highly significant and independent predictor of BCR tested in a multivariate model with the percentage of Gleason grade 4/5, LN+, and vascular invasion. Only the largest tumor detected in the specimens was used for further investigation. Chun et al. published corresponding data in which PSA, ECE, TV, and percentage of high-grade Gleason TV (%HGTV) were predictors of BCR (PSA>0.1 ng/ml) [10] . LN+, SVI, and PSM were included in the model, but showed no significant association with risk of BCR. The authors concluded that %HGTV is a powerful predictor of BCR after RP, confirming previous publications [25] [26] [27] [28] ]. Yet another study tested the prognostic value of the percentage of TV (sum of all visually estimated tumor foci in relation to the specimen on every section) in terms of BCR (PSA>0.2 ng/ml) [29] . In multivariate analysis, PSA, final GS, and percent TV were independent predictors of BCR, whereas PSM, pT stage, and LN+ failed to reach significance.
Our study is limited by its retrospective nature and short follow-up time. The low number of BCR is at least in part caused by patients with a high-risk constellation (PSA< 0.2 ng/ml) who already received or rapidly entered into adjuvant treatment. Furthermore, clinical outcome data on local recurrence, metastasis, and mortality were not available. Finally, our cohort contained a high number of organ confined PCAs (79.6 %), a main prognostic factor even though most of them had Gleason score ≥7 (72.2 %).
We conclude that MTD assessed by our novel method might be a useful additional prognostic factor for the prediction of BFS in patients after RP. Especially in patients with intermediate-risk constellation, MTD may influence decision making regarding adjuvant treatment. 
